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600
“‘

602

PROVIDE A SILICON-ON-INSULATOR (S0OI) STRUCTURE HAVING A FIRST
SILICON LAYER, AN INSULATOR LAYER OVERLYING THE FIRST SILICON LAYER,

AND A SECOND SILICON LAYER OVERLYING THE INSULATOR LAYER

604

ETCH A GRATING ONTO THE SECOND SILICON LAYER

606

DEPOSIT A COVER MATERIAL ONTO THE SECOND SILICON LAYER SUCH THAT
THE COVER MATERIAL COVERS THE GRATING, THE COVER MATERIAL HAVING

A REFRACTIVE INDEX THAT IS GREATER THAN A REFRACTIVE INDEX
ASSOCIATED WITH THE INSULATOR LAYER

608

ETCH A RECESS INTO THE COVER MATERIAL, THE RECESS BEING TO AT
LEAST ONE OF TRANSMIT AN OPTICAL SIGNAL TO THE SECOND SILICON
LAYER VIA THE GRATING AND RECEIVE THE OPTICAL SIGNAL FROM THE
SECOND SILICON LAYER VIA THE GRATING AT A COUPLING ANGLE THAT IS
SUFFICIENT FOR SUBSTANTIALLY LOSSLESS COUPLING OF THE OPTICAL
SIGNAL TO THE WAVEGUIDE LAYER VIA THE GRATING

FIG. 13
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OPTICAL COUPLING SYSTEM AND
METHOD FOR FABRICATING THE SAME

BACKGROUND

Optical signal transfer 1s becoming more prevalent in
computer systems and network communications. Optical
signals can propagate 1n a variety of diflerent media, such as
optical fibers and optical waveguides, between different
computer systems and network devices. Optical signals that
propagate between different propagation media may pass
through an optical coupling system. As an example, an
optical coupling system can couple an optical fiber with an
optical waveguide, such as via a grating. Therefore, the
optical signal can propagate between the optical fiber and
the optical waveguide. Such optical coupling can result 1n a
loss of optical energy of the optical signal.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1illustrates an example of an optical system.

FIG. 2 illustrates an example of a diagram demonstrating
optical coupling.

FI1G. 3 illustrates an example diagram of a cross-sectional
view ol a silicon-on-insulator (SOI) structure including a
photoresist layer.

FI1G. 4 1llustrates an example diagram of the SOI structure
of FIG. 3 with the photoresist layer having been patterned.

FI1G. 5 1llustrates an example diagram of the SOI structure
of FIG. 4 undergoing an etching step.

FI1G. 6 1llustrates an example diagram of the SOI structure
of FIG. 5 after the etching step 1s substantially complete.

FI1G. 7 illustrates an example diagram of a cross-sectional
view of the SOI structure of FIG. 6 with a cover layer.

FIG. 8 1llustrates an example diagram of a cross-sectional
view ol the structure of FIG. 7 with a photoresist layer.

FIG. 9 illustrates an example diagram of the structure of
FIG. 8 with the photoresist layer having been patterned.

FI1G. 10 1llustrates an example diagram of the structure of
FIG. 9 undergoing an etching step.

FIG. 11 illustrates an example diagram of the structure of
FIG. 10 after the etching step 1s substantially complete.

FIG. 12 illustrates an example diagram ol a cross-sec-
tional view of the optical coupling system of FIG. 11 being
coupled with an optical fiber.

FI1G. 13 1llustrates an example of a method for fabricating
an optical coupling system.

DETAILED DESCRIPTION

FI1G. 1 illustrates an example of an optical system 10. The
optical system 10 can be implemented 1n any of a variety of
computer and/or network systems, such as optical comput-
ing and communications. The optical system 10 1s config-
ured to couple an optical signal OPT between an optical
transmission element 12 and an optical waveguide 14. As an
example, the optical transmission element 12 can be con-
figured as a single mode optical fiber or as a laser (e.g., a
vertical cavity surface-emitted laser (VCSEL)). As another
example, the optical waveguide 14 can be configured as a
photonic wire. The optical signal OPT can be provided from
the optical transmission element 12 to the optical waveguide
14, or can be provided from the optical waveguide 14 to the
optical transmission element 12. Thus, the optical signal
OPT can continue to propagate along the optical waveguide
14 or the optical transmission element 12.
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The optical system 10 includes an optical coupling system
16 configured to provide a transition of the optical signal
OPT between the optical transmission element 12 and the
optical waveguide 14. In the example of FIG. 1, the optical
coupling system 16 can include a substrate layer 18, an
optical waveguide layer 20 that 1s coupled to the optical
waveguide 14, and a cover layer 22 that can be coupled to
the optical transmission element 12. The optical coupling
system 16 also includes a grating 24, such as can be etched
onto the optical waveguide layer 20 of the optical coupling
system 16. The optical signal OPT can thus be provided to
the optical waveguide layer 20 of the optical coupling
system 16 from the cover layer 22 of the optical coupling
system 16 via the grating 24, such that the optical signal
OPT 1s coupled from the optical transmission element 12 to
the optical waveguide 14. Similarly, the optical signal OPT
can be provided to the cover layer 22 of the optical coupling
system 16 from the optical waveguide layer 20 of the optical
coupling system 16 via the grating 24, such that the optical
signal OPT 1s coupled from the optical waveguide 14 to the
optical transmission element 12.

As an example, the substrate layer 18 can include a
material having a first refractive index n,, the cover layer 22
can mnclude a material have a second refractive index n, that
1s greater than the first refractive index n,, and the optical
waveguide layer 20 can include a material having a third
refractive index n, that 1s greater than the second refractive
index n,. In addition, the optical transmission element 12
can be coupled with the cover layer 22 at a coupling angle
0, that 1s greater than a total internal reflection (TIR) angle
0, associated with the cover layer 22 and the substrate layer

18. As an example, the TIR angle 0, can be defined as
follows:

sin 0,=# /15 Equation 1

Accordingly, the coupling angle 0, can be defined as fol-
lows:

0,>arctan (#,/#-) Equation 2

As an example, the coupling angle 0, can correspond to
an angle at which the optical transmission eclement 12
provides or receives the optical signal OPT to or from the
cover layer 22 relative to a normal vector associated with a
surface of the cover layer 22. For example, the coupling
angle 0, can be an angle at which the optical transmission
clement 12 configured as a laser or a single mode optical
fiber emits the optical signal OPT onto the cover layer 22. As
another example, the optical coupling system 16 can include
a recess etched 1nto the cover layer 22, such as to receive or
emit the optical signal OPT wvia free space. As yet another
example, the recess can be configured to receive the optical
transmission element 12 configured as a single mode optical
fiber, such that the single mode optical fiber 1s spliced nto
the recess.

Based on the magnitude of the refractive index n, relative
to the refractive index n,, and based on the coupling angle
0, being greater than the TIR angle 0,, optical losses of the
optical signal OPT into the substrate layer 18 can be
substantially mitigated 1n the coupling of the optical signal
OPT between the optical transmission element 12 and the
optical waveguide 14. Therefore, based on the relative
refractive indices n, and n, of the substrate layer 18 and the
cover layer 22, respectively, as well as the coupling angle 0,
at which the optical signal OPT is incident upon the grating
24, the optical coupling system 16 can be substantially
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lossless when coupling the optical signal OPT between the
optical transmission element 12 and the optical waveguide
14.

FIG. 2 illustrates an example of a diagram 50 demon-
strating optical coupling. The diagram 50 includes a single
mode optical fiber 52 and an optical coupling system 34. The
single mode optical fiber 52 and the optical coupling system
54 can correspond to the optical transmission element 12
and the optical coupling system 16, respectively, in the
example of FIG. 1. Therefore, reference 1s to be made to the
example of FIG. 1 i the following description of the
example of FIG. 2.

In the example of FIG. 2, the single mode optical fiber 52
comprises a single mode core 36 and a cladding 38. The
single mode core 356 1s configured to propagate an optical
signal 60, such as the optical signal OPT 1n the example of
FIG. 1. In addition, the optical coupling system 54 includes
a substrate layer 62, an optical waveguide layer 64, and a
cover layer 66. The optical waveguide layer 64 can be

coupled to an optical waveguide (not shown), such as the
optical waveguide 14 1n the example of FIG. 1. As demon-
strated 1n the example of FIG. 2, a recess 68 has been etched
into the cover layer 66 to receive the single mode optical
fiber 52, such that the single mode optical fiber 52 1s directly
coupled with the cover layer 66. In addition, 1n the example
of FIG. 2, the substrate layer 62 and the optical waveguide
layer 64 can be formed from a silicon-on-insulator (SOI)
structure 70. The SOI structure 70 includes a first silicon
layer 72, an 1nsulator layer that corresponds to the substrate
layer 62, and a second silicon layer that corresponds to the
optical waveguide layer 64.

The optical coupling system 54 further includes a grating
74, demonstrated in the example of FIG. 2 as having been
ctched onto the optical waveguide layer 64. The optical
signal 60 can thus be provided to the optical waveguide layer
64 of the optical coupling system 34 from the cover layer 66
via the grating 74, such that the optical signal 60 1s coupled
from the single mode optical fiber 52 to the corresponding
optical waveguide. Similarly, the optical signal 60 can be
provided to the cover layer 66 from the optical waveguide
layer 64 via the grating 74, such that the optical signal 60 1s
coupled from the associated optical waveguide to the single
mode optical fiber 52.

As an example, the substrate layer 62 can be formed from
a material having a first refractive index n,, the cover layer
66 can be formed from a material have a second refractive
index n, that 1s greater than the first refractive index n,, and
the optical waveguide layer 20 can be formed from a
material having a third refractive index n, that 1s greater than
the second refractive index n,. As an example, the substrate
layer 62 can be formed from glass (e.g., silicon dioxide
(S10,)), the cover layer 66 can be formed from silicon
nitride (S1N), and the optical waveguide layer can be formed
from silicon (S1). In addition, in the example of FIG. 2, the
single mode optical fiber 52 1s demonstrated as coupled with
the cover layer 66 at a coupling angle 0,. As an example, the
coupling angle 0, can be greater than a TIR angle 0O,
associated with the cover layer 66 and the substrate layer 62,
such as demonstrated previously by Equation 2. As a result,
the optical signal 60 can be coupled between the optical
waveguide layer 64 and the single mode optical fiber 52 such
that optical losses to the substrate layer 62 are substantially
mitigated.

For example, as demonstrated in the example of FIG. 2,
the optical signal 60 can be coupled from the single mode
optical fiber 52 to the cover layer 66 and into the optical
waveguide layer 64 via the grating 74, such as aifter at least
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a portion of the optical signal 60 1s reflected from an edge
76 of the optical coupling system 54. Similarly, the optical
signal 60 can be coupled from the optical waveguide layer
64 to the cover layer 66 and 1nto the single mode optical fiber
52 via the grating 74. Because the refractive index n, of the
cover layer 66 1s greater than the refractive index n; of the
substrate layer 62, and because the coupling angle 0, is
greater than the TIR angle 0, associated with the cover layer
66 and the substrate layer 62, substantially none of the
optical signal 60 1s coupled into the substrate layer 62.
Accordingly, the coupling of the optical signal 60 between
the single mode optical fiber 52 and the associated optical
waveguide coupled to the optical waveguide layer 64 can be
substantially lossless.

Fabrication of the optical coupling system 54 will now be
described. In the following description of the examples of
FIGS. 3-12, reference 1s to be made to and like reference
numbers are used as i the example of FIG. 2.

FIG. 3 illustrates an example of a cross-sectional view
diagram 100 of an SOI structure 102 including a photoresist
layer 104. The SOI structure 102 i1s demonstrated 1n the
example of FIG. 3 as a portion of an SOI wafer that includes
the first silicon layer 72, an msulator layer 106 that corre-
sponds to the substrate layer 62, and a second silicon layer
108 that corresponds to the optical waveguide layer 64. As
an example, the SOI structure 102 can be formed via a
Separation by Implantation of Oxygen (SIMOX) process.
The basic steps of the SIMOX process can include implant-
ing oxygen beneath the surface of a silicon wafer. A high
temperature annealing step can next be performed to
coalesce the implanted oxygen atoms 1nto a unmiform layer of
S10,. The annealing step can typically be performed at
temperatures greater than 1250° C. for several hours to
coalesce the mmplanted oxygen and achieve solid state
recrystallization of the second silicon layer 80 from the
surface downward. Thus, as an example, the second silicon
layer 80 can be grown to have a thickness of approximately
500 um.

The SOI structure 102 1s also illustrated as including the
photoresist layer 104 formed on the second silicon layer 108.
The photoresist layer 104 can have a thickness of about 500
A-5000 A. However, it is to be appreciated that the thickness
thereol may be of any dimension suitable for fabricating the
optical coupling system 54. Accordingly, the thickness of the
photoresist layer 104 can vary 1n correspondence with the
wavelength of radiation used to pattern the photoresist layer
104. The photoresist layer 104 may be formed overlying the
second silicon layer 108 via conventional spin-coating or
spin casting deposition techniques.

FIG. 4 illustrates an example diagram 150 of the SOI
structure 102 of FI1G. 3 with the photoresist layer 104 having
been patterned. Specifically, the photoresist layer 104 1s
patterned to form a patterned photoresist layer 152 using
conventional techniques to form ridges that correspond to
the grating 74. The patterned photoresist layer 152 can thus
serve as an etch mask layer for processing or etching the
underlying second silicon layer 108.

FIG. § illustrates an example diagram 200 of the SOI
structure 102 of FIG. 4 undergoing an etching step. The etch
can be an amsotropic deep reactive 1on etching (DRIE), as
indicated by the arrows 202. Any suitable DRIE etch tech-
nique may be used to etch the second silicon layer 108. For
example, the second silicon layer 108 can be anisotropically
ctched with one or more plasma gases, such as carbon
tetratloride (CF,) containing fluorine 1ons, in a commer-
cially available etcher, such as a parallel plate DRIE appa-
ratus or, alternatively, an electron cyclotron resonance
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(ECR) plasma reactor to replicate the mask pattern of the
patterned photoresist layer 152.

FIG. 6 illustrates an example diagram 250 of the SOI
structure 102 of FIG. 5 after the etching step 1s substantially
complete. Specifically, the diagram 2350 1llustrates a partially
complete SOI structure 102 after a stripping step (e.g.,
ashing 1n an O, plasma) 1s substantially complete to remove
remaining portions ol the photoresist layer 104 and the
patterned photoresist layer 152. Therefore, the SOI structure
102 includes the grating 74 that has been etched via the
DRIE etch process of the example of FIG. 5 1n the second
silicon layer 108. The DRIE etch process 1s thus demon-
strated 1n the example of FIG. 6 as having etched the grating
74 1nto the second silicon layer 108, and thus the optical
waveguide layer 64.

FIG. 7 illustrates an example diagram 300 of a cross-
sectional view of the SOI structure 102 of FIG. 6 with a
cover material 302. The cover material 302 can be SiN, as
described previously, that has been deposited onto the etched
second silicon layer 108 at an appropriate thickness 1n any
of a variety of ways. Therefore, the cover material 302 can
correspond to the cover layer 66. The cover material 302 can
be deposited 1n such a manner as to fill 1n the gaps of the
grating 74 with the cover material 302, such that the cover
material 302 mates with the second silicon layer 108.
Alternatively, the cover material 302 can overlay the grating,
74, such that the gaps 1n the grating 74 can be hollow.

FIG. 8 illustrates an example diagram 350 of a cross-
sectional view of the SOI structure 102 of FIG. 7 with a
photoresist layer 352. The SOI structure 152 1s 1llustrated as
including the photoresist layer 352 formed on the cover
material 302. The photoresist layer 352 can have a thickness
suitable for fabricating the optical coupling system 54 (e.g.,
about 500 A-5000 A), such as based on the wavelength of
radiation used to pattern the photoresist layer 352. The
photoresist layer 352 may be formed overlying the cover
material 302 via conventional spin-coating or spin casting,
deposition techniques.

FIG. 9 illustrates an example diagram 400 of the SOI
structure 102 of FIG. 8 with the photoresist layer 352 having
been patterned. Specifically, photoresist layer 352 1s pat-
terned using conventional techniques to form an opening
402. The patterned photoresist layer 352 can thus serve as an
etch mask layer for processing or etching the underlying
cover material 302 to form a recess, such as to receive the
single mode optical fiber 52.

FIG. 10 illustrates an example diagram 450 of the SOI
structure 102 of FIG. 9 undergoing an etching step. The etch
can be an anisotropic DRIE etch, as indicated by the arrows
452. In the example of FIG. 10, the arrows 452 indicate that
the etch can be performed at an angle associated with the
recess, such as corresponding to the coupling angle 0,. Any
suitable DRIE etch technique may be used to etch the cover
material 302. For example, the cover material 302 can be
anisotropically etched with one or more plasma gases, such
as carbon tetratloride (CF,) containing fluorine ions, in a
commercially available etcher, such as a parallel plate DRIE
apparatus or, alternatively, an electron cyclotron resonance
(ECR) plasma reactor to replicate the mask pattern of the
opening 402 to a desired depth and dimension of the recess.
However, it 1s to be understood that other etching techniques
can be implemented in the etching step described in the
example of FIG. 10.

FIG. 11 1llustrates an example diagram 500 of the SOI
structure 102 of FIG. 10 after the etching step 1s substan-
tially complete. Specifically, the diagram 500 illustrates a
view ol the complete optical coupling system 54 after a
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stripping step 1s substantially complete to remove remaining,
portions of the photoresist layer 402. Therefore, the SOI
structure 102 includes the recess 68 that has been etched via
the DRIE etch process of the example of FIG. 10 1n the cover
material 302 corresponding to the cover layer 66. In the
example of FIG. 11, the recess 68 1s demonstrated as having
been etched 1n a manner that the coupling angle 0, of the
optical signal 60 provided to and/or from the single mode
optical fiber 52 1s greater than the TIR angle 0, associated
with the cover material 302 and the insulator layer 106,
corresponding to the cover layer 66 and the substrate layer
62, respectively, as provided previously in Equation 2.

FIG. 12 1illustrates an example diagram 5350 of a cross-
sectional view of the optical coupling system 56 of FIG. 11
being coupled with the single mode optical fiber 52. The
single mode optical fiber 532 comprises the single mode core
56 and the cladding 58. The single mode optical fiber 52 1s
received 1nto the recess 68 at the coupling angle 0,. As an
example, the single mode optical fiber 52 can be spliced or
otherwise bonded to the cover maternial 302. Alternatively,
the single mode optical fiber 52 can be suspended above the
cover material 302, such that the optical signal 60 propa-
gates through free space between the single mode optical
fiber 52 and the cover layer 66. Accordingly, upon physically
or optically coupling the single mode optical fiber 52 to the
optical coupling system 56, the diagram 350 corresponds to
the diagram 50 1n the example of FIG. 2.

In view of the foregoing structural and functional features
described above, an example method will be better appre-
ciated with reference to FIG. 13. While, for purposes of
simplicity of explanation, the method of FIG. 13 i1s shown
and described as executing serially, 1t 1s to be understood and
appreciated that the method 1s not limited by the 1llustrated
order, as parts of the method could occur 1n different orders
and/or concurrently from that shown and described herein.

FIG. 16 1illustrates an example of a method 600 for
fabricating an optical coupling system. At 602, an SOI
structure (e.g., the SOI structure 102) having a first silicon
layer (e.g., the first silicon layer 72), an insulator layer (e.g.,
the insulator layer 106) overlying the first silicon layer, and
a second silicon layer (e.g., the second silicon layer 108)
overlying the insulator layer 1s provided. At 604, a grating
(e.g., the grating 74) 1s etched onto the second silicon layer.
At 606, a cover material (e.g., the cover material 302) 1s
deposited onto the second silicon layer such that the cover
material covers the grating, the cover material having a
refractive index (e.g., the refractive index n, ) that 1s greater
than a refractive index (e.g., the refractive index n,) asso-
ciated with the insulator layer. At 608, a recess (e.g., the
recess 68) 1s etched into the cover material, the recess being,
to at least one of transmit an optical signal (e.g., the optical
signal 60) to the second silicon layer via the grating and
receive the optical signal from the second silicon layer via
the grating at a coupling angle (e.g., the coupling angle 0, )
that 1s suflicient for substantially lossless coupling of the
optical signal to the waveguide layer via the grating.

What have been described above are examples. It 1s, of
course, not possible to describe every conceivable combi-
nation ol components or methodologies, but one of ordinary
skill in the art will recognize that many further combinations
and permutations are possible. Accordingly, the invention 1s
intended to embrace all such alterations, modifications, and
variations that fall within the scope of this application,
including the appended claims. Additionally, where the
disclosure or claims recite “a,” “an,” “a first,” or “another”
clement, or the equivalent thereot, 1t should be interpreted to
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include one or more than one such element, neither requiring
nor excluding two or more such elements.

What 1s claimed 1s:

1. An optical coupling system comprising:

a substrate layer;

an optical waveguide material overlying the substrate

layer, the optical waveguide material having a grating;
and

a cover material overlying the optical waveguide matenal

to couple an optical signal to the optical waveguide

material via the grating at a coupling angle, wherein:

the optical signal 1s one of: (1) provided or (2) recerved
at a coupling angle that 1s greater than a total internal
reflection (TIR) angle associated with the substrate
layer and the wavequide layer and a TIR angle
associated with the cover material and the waveguide
layer; and

approximately zero energy of the coupled optical signal
1s lost 1n the substrate layer due to a combination of
the coupling angle and a difference in refractive
indices between the cover material and the substrate
layer.

2. The system of claim 1, wherein the substrate layer has
a first refractive index and the cover material has a second
refractive index that 1s greater than the first refractive index.

3. The system of claim 1, wherein the substrate layer and
the optical waveguide maternial are formed from a silicon-
on-nsulator (SOD structure comprising a first silicon layer,
an insulator layer overlying the first silicon layer, and a
second silicon layer overlying the insulator layer, such that
the 1insulator layer corresponds to the substrate layer and the
second silicon layer corresponds to the optical waveguide
material.

4. The system of claim 1, wherein the cover materal
comprises a recess etched into the cover matenial that 1s to
receive an optical fiber, the optical fiber being to at least one
of provide the optical signal to the optical waveguide layer
via the grating and receive the optical signal from the optical
waveguide material via the grating.

5. The system of claim 4, herein the optical fiber 1s a
single mode fiber.

6. An optical system comprising:

the optical coupling system of claim 1;

an optical transmission element; and

an optical waveguide coupled to the optical waveguide

material.

7. Amethod for fabricating an optical coupling system the
method comprising:

providing a silicon-on-insulator (SOI) structure having a

first silicon layer, an nsulator layer overlying the first
silicon layer, and a second silicon layer overlying the
insulator layer;
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etching a grating onto the second silicon layer;

depositing a cover material onto the second silicon layer
such that the cover material covers the grating, the
cover material having a refractive index that 1s greater
than a refractive index associated with the insulator

layer; and

etching a recess into the cover material, the recess being
to at least one of (1) transmit an optical signal to the
second silicon layer via the grating or (2) receive the
optical signal from the second silicon layer via the
grating, wherein the optical signal 1s transmitted or
received at a coupling angle that 1s greater than a total
internal reflection (TIR) angle associated with the 1nsu-
lator and the second silicon layer and a TIR angle
associated with the cover material and the second
silicon layer.

8. The method of claim 7, wherein providing the SOI
structure comprises providing the second silicon layer as
being substantially tapered in width from the grating for
coupling to an optical waveguide.

9. The method of claim 7, wherein etching the recess
comprises etching the recess into the cover material to
receive the optical fiber from a laser.

10. The method of claim 7, wherein etching the recess
comprises etching the recess into the cover material to
receive a single mode optical fiber.

11. An optical coupling system comprising:

a substrate layer having a first refractive index;

an optical waveguide matenial overlying the substrate

layer and comprising a grating; and

a cover material overlying the optical waveguide material

to couple an optical signal to the optical waveguide
layer via the grating at a coupling angle that 1s greater
than a total internal reflection (TIR) angle associated
with the substrate layer and optical waveguide material
and a TIR angle associated with the cover material and
the optical waveguide material, the cover material
having a second refractive index that 1s greater than the
first refractive index.

12. The system of claim 11, wherein the substrate layer
and the optical waveguide matenial are formed from a
s1licon-on-insulator (SOI) structure comprising a {irst silicon
layer, an msulator layer overlying the first silicon layer, and
a second silicon layer overlying the msulator layer, such that
the insulator layer corresponds to the substrate layer and the
second silicon layer corresponds to the optical waveguide
material.

13. An optical system comprising the optical coupling
system of claim 11, the optical system further comprising an
optical transmission element and an optical waveguide
coupled to the optical waveguide material.
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